This study aimed to assess the effect of gonadotrophin suppression and FSH replacement on testicular tight junction dynamics and blood-testis barrier (BTB) organisation in vivo, utilising the seasonal breeding Djungarian hamster. Confocal immunohistology was used to assess the cellular organisation of tight junction proteins and real-time PCR to quantify tight junction mRNA. The effect of tight junction protein organisation on the BTB permeability was also investigated using a biotin-linked tracer. Tight junction protein (claudin-3, junctional adhesion molecule (JAM)-A and occludin) localisation was present but disorganised after gonadotrophin suppression, while mRNA levels (claudin-11, claudin-3 and occludin) were significantly (two-to threefold) increased. By contrast, both protein localisation and mRNA levels for the adaptor protein zona occludens-1 decreased after gonadotrophin suppression. FSH replacement induced a rapid reorganisation of tight junction protein localisation. The functionality of the BTB (as inferred by biotin tracer permeation) was found to be strongly associated with the organisation and localisation of claudin-11. Surprisingly, JAM-A was also recognised on spermatogonia, suggesting an additional novel role for this protein in trans-epithelial migration of germ cells across the BTB. It is concluded that gonadotrophin regulation of tight junction proteins forming the BTB occurs primarily at the level of protein organisation and not gene transcription in this species, and that immunolocalisation of the organised tight junction protein claudin-11 correlates with BTB functionality.
Introduction
During puberty in higher mammals, Sertoli cells undergo a complex process of structural and biochemical maturation to become differentiated epithelial cells in readiness to support germ cell (GC) development. This process involves the creation of the blood-testis barrier (BTB), formed largely by the binding of transmembrane tight junction (TJ) proteins on adjacent Sertoli cells (reviewed in Setchell et al. 1988 Setchell et al. , 2003 . This barrier resides near the basement membrane of the seminiferous tubules and divides the seminiferous epithelium into basal and adluminal compartments. The BTB allows for the establishment of a specialised epithelial microenvironment, separated from factors found in the interstitium, which is conducive to meiotic and post-meiotic GC development. In the absence of a functional BTB, spermatogenesis continues only as far as spermatocytes in rodents (Cavicchia & Sacerdote 1991 , Gow et al. 1999 , Morales et al. 2007 , highlighting the indispensability of the BTB. While intensively studied (for reviews see (Lui et al. 2003 , Turner 2006 , Matter & Balda 2007 ) the regulation of TJ proteins in the testis is poorly understood. The present study investigates the regulation of TJ proteins by gonadotrophins in a model of natural gonadotrophin suppression as induced by a short photoperiod -the seasonal-breeding Djungarian hamster.
Sertoli cell TJs contain three well-defined transmembrane protein groups, the claudins, particularly claudin-11 (also known as oligodendrocyte transmembrane/specific protein; Morita et al. 1999 ) and claudin-3 (Meng et al. 2005) , occludin (Furuse et al. 1993 , Morita et al. 1999 ) and the junctional adhesion molecule (JAM) family of proteins (Martin-Padura et al. 1998 , Bazzoni et al. 2000 , Xia et al. 2005 that are bound to intracellular plaque proteins such as zona occludens family members (ZO-1 and ZO-2; Stevenson et al. 1986 , Fanning et al. 1998 , which tether TJ proteins to the underlying actin cytoskeleton (Fanning et al. 1998) . In the rodent testis, TJ proteins are found in close spatial association with the basal ectoplasmic specialisation, which is a testis-specific actinbased adherens junction containing the actin-bundling protein espin (Bartles et al. 1996 , Lee & Cheng 2004 , involved in Sertoli-Sertoli and Sertoli-GC adhesion. Claudin and occludin TJ proteins are thought to be classical barrier-forming proteins, while JAM family members have also been associated with cellular adhesion (Morris et al. 2006) , trans-epithelial cellular migration (Woodfin et al. 2007 ) and cellular polarity (Rehder et al. 2006 ) in other mammalian tissues, with recent evidence suggesting that they may also play a role in spermatogenesis in rodents (Zen et al. 2005 . JAM family members (JAM-B and JAM-C) have been identified on both Sertoli and GCs in rodents, while claudins and occludin have been localised exclusively to inter-Sertoli cell TJs in this species . To date, JAM-A has been identified at inter-Sertoli cell junctions and the tails of elongated spermatids within the epididymis of rodents (Shao et al. 2008) .
Various studies suggest that gonadotrophins play an important role in testicular TJs. Both follicle-stimulating hormone (FSH) and testosterone increase the function of rat Sertoli cell TJs in vitro (Janecki et al. 1991 , Kaitu'u-Lino et al. 2007 in part by up-regulating claudin-11 mRNA and protein (Kaitu'u-Lino et al. 2007) , although FSH has also been found to down-regulate claudin-11 mRNA expression in cultured mouse Sertoli cells (Hellani et al. 2000) . In vivo, selective knockout of the Sertoli cell androgen receptor in mice results in a limited reduction in claudin-11 protein (Tan et al. 2005 (Tan et al. 2005 , but a substantial tenfold decrease in claudin-3 gene transcription (Meng et al. 2005) . In the Djungarian hamster testis, claudin-11 protein persists after gonadotrophin suppression, but its localisation is disorganised (Tarulli et al. 2006) . Although a number of other factors have been shown to regulate TJs, including cytokines (interferon-g, tumour necrosis factor-a, transforming growth factor-b3 (Lui et al. 2001 , Li et al. 2006 ), intracellular Ca 2C concentration (Grima et al. 1998 ) and protein kinase activities (Li et al. 2001) , the mechanism(s) by which gonadotrophins regulate TJ gene expression, localisation and BTB function in vivo remain unclear.
We used the Djungarian hamster to assess the effect of gonadotrophin suppression and FSH replacement on TJ dynamics in vivo. This naturally occurring animal model provides an opportunity to study TJ breakdown and reformation, as exposure to short-day length (SD, 8 h light:16 h darkness) alone suppresses pituitary FSH and luteinising hormone (LH), and consequently testicular testosterone. This results in a disruption of spermatogenesis primarily at the level of spermatogonial development (Bergmann 1987 , Lerchl et al. 1993 , Schlatt et al. 1995 , Meachem et al. 2005 , and also disrupts the function of the BTB (Bergmann 1987) . Low numbers of primary spermatocytes remain within the epithelium of SD hamsters (Bergmann 1987) ; however, no pachytene spermatocytes are observed (Meachem et al. 2005) . Recrudescence in Djungarian hamsters occurs following the restoration to LD photoperiod (LD, 16 h light:8 h darkness), resulting in the normalisation of serum gonadotrophins (FSH at 3 days and LH at 21 days; Furuta et al. 1994) , BTB function, (Bergmann 1987) and restoration of spermatogenesis (Lerchl et al. 1993) . However, LH/androgen involvement in recrudescence appears less important as GC numbers are not different between SD animals treated with FSH alone or when FSH is co-administered with the androgen receptor antagonist, flutamide (Meachem et al. 2005) .
Both sperm production (Lerchl et al. 1993) and fertility (Niklowitz et al. 1997) in the Djungarian hamster are highly dependent on FSH, with testosterone known to be necessary only for mounting behaviour (Lerchl et al. 1993) . Despite the changes in the TJ functionality, relatively little is known about the regulation of TJ and associated proteins in this species. We therefore hypothesised that after exposure to SD conditions, Sertoli cell TJ protein localisation will be disorganised and mRNA levels decreased, and that FSH replacement to SD animals will reverse this profile. The aims of this study were to establish the effect of gonadotrophin suppression and FSH replacement on TJ protein organisation and mRNA levels, as well as to determine the relationship between TJ organisation and BTB functionality.
Results
Stage-dependency of tight junction localisation and BTB functionality over the cycle of the seminiferous epithelium
In the adult rodent, there are indications for stagedependency of TJ protein localisation (Xia et al. 2005 , Tarulli et al. 2006 , but this has not been assessed in detail. To further investigate this stage-dependency, we assessed the expression and localisation of the major tight junction protein, claudin-11, over the cycle of the seminiferous epithelium in the LD hamster. This protein was selected as the claudin-11 knockout mouse is infertile, with an absence of tight junction fibrils in Sertoli cells (Gow et al. 1999) . Representative images of the change in claudin-11 localisation (pale blue) over the cycle of the seminiferous epithelium are shown in Fig. 1A . Claudin-11 localisation was predominantly basal relative to GCs residing on the basement membrane at stages I-III and XI-XII, while adluminal relative to GCs residing on the basement membrane at stages VII-VIII. An intermediate phenotype was observed at stages IV-VI and IX-X (Fig. 1A) .
To qualitatively assess the relationship between BTB functionality and claudin-11 localisation, a biotin-NHS conjugated solution was injected into freshly dissected testes before fixation (Meng et al. 2005) . In the adult LD hamster testis (Fig. 1B) , a strong biotin staining was observed in the interstitium. The degree of biotin permeation into the epithelium exhibited stage-dependency, with a similar pattern as claudin-11 reactivity. In Fig. 1B , two tubules are seen which have been staged and labelled based on their acrosomal morphologies as revealed by PNA reactivity (red). In tubules of stages VII-VIII, extensive claudin-11 reactivity can be seen above GCs residing along the basement membrane. Biotin permeated the epithelium only as far as this organised claudin-11 reactivity. In the adjacent tubule (stage grouping XI-XII), only focal areas of biotin permeation was detectable around basal GCs, while claudin-11 expression was either absent or present at low levels along the basement membrane. At all stages in the LD animal, biotin permeated the seminiferous epithelium only as far as organised claudin-11 immunoreactivity.
Quantitation of stage-dependency of tight junction localisation over the cycle of the seminiferous epithelium
The frequency of claudin-11 localisation in staged tubules was then assessed, and expressed as % basal ( Fig. 2A ), % intermediate ( Fig. 2B ) and % adluminal (Fig. 2C ) relative to GCs residing on the basement membrane. In stages I-III, localisation of claudin-11 was predominantly at the basement membrane (72% basal, 9% intermediate, 0% apical relative to GCs residing on the basement membrane; Fig. 2 ). Localisation was intermediate in stages IV-VI (22% basal, 63% intermediate and 4% apical; Fig. 2 ) and predominantly adluminal relative to GCs residing on the basement membrane during stages VII-VIII (0% basal, 29% intermediate and 71% apical; Fig. 2) . Localisation returned to a more basal phenotype at stages IX-XII.
The intensity of claudin-11 immunoreactivity was highest in stages VII-VIII (91%) and IX-X (82%) and lowest in stages I-III (42%) and XI-XII (48%; Fig. 2D , filled columns). Similar relative frequencies were observed in the assessment of biotin infiltration with the highest occurring during stages VII-VIII (92%) and lowest during stages I-III (28%) and XI-XII (22%; Fig. 2D , open columns).
Functionality of the BTB after natural gonadotrophin suppression and exogenous FSH-replacement
The organisation of claudin-11 in the Djungarian hamster has been assessed previously (Tarulli et al. 2006) , with disorganisation of claudin-11 protein observed after gonadotrophin suppression, and a rapid reorganisation after exogenous FSH replacement. To correlate claudin-11 localisation with BTB functionality, in this study we assessed biotin permeation in these states. In the SD hamster (gonadotrophin suppressed; Fig. 3A ), where the BTB is known to be non-fpunctional (Bergmann 1987) , biotin (green) was able to permeate the entire seminiferous epithelium. FSH treatment to SD hamsters resulted in the exclusion of biotin tracer from the centre of tubules after 10 days ( Fig. 3C ) but not 2 days (Fig. 3B) . In all panels, biotin permeated the seminiferous epithelium only as far as organised claudin-11 reactivity ( Fig. 3A-C) . 
FSH regulates claudin-3 and espin localisation
We then assessed the localisation of the other key tight junction proteins in this hamster model. Lowlevel claudin-3 reactivity was observed in the interstitium of immature (d5) hamsters that lack tight junctions ( Fig. 4A , open square), while a disorganised espin reactivity was detectable in the seminiferous epithelium (open triangle). A strong claudin-3 reactivity was observed in blood vessels of the adult LD, SD and FSH-treated hamster (B-F, open squares). In the LD animal ( Fig. 4B ), claudin-3 reactivity was detectable only in association with elongated spermatids (open circle) in the seminiferous epithelium. Espin, a testis-specific adherens junction marker, was used as a standard marker for localisation and reactivity in this figure and also in the subsequent figures. Espin localisation was found around cells adjacent to the basement membrane and in association with elongating spermatids (Fig. 4B , open triangles). In the SD hamster ( Fig. 4C ), claudin-3 reactivity was present in the apical regions of Sertoli cells (open circle), while a low-level espin reactivity was observed in the apical Sertoli cell cytoplasm and around GCs (open triangle). After 2 days of FSH treatment (Fig. 4D ) intense claudin-3 reactivity was present at the basal aspect of Sertoli cells localised around the GCs and basement membrane in this region, and also at the newly forming lumen (open circles). Espin localised at the basal aspect of Sertoli cells, above and around GCs residing on the basement membrane. Espin expression co-localised with claudin-3 in many regions and also extended through much of the epithelium (Fig. 4D , open triangles). After 4 days of FSH treatment (Fig. 4E ), claudin-3 continued to be expressed adjacent to GCs residing along the basement membrane (open circle); however, the reactivity was reduced at luminal regions, while espin reactivity persisted at luminal regions (open triangle). After 10 days of FSH treatment (Fig. 4F ), claudin-3 expression was observed in some tubules (open circle), but absent in those exhibiting more advanced GCs. At this time point, espin continued to organise above GCs residing along the basement membrane and through much of the epithelium (Fig. 4F , open triangle).
FSH regulates JAM-A localisation
In all groups, intense JAM-A reactivity was observed in interstitial blood vessels in the immature (d5; Fig. 5A , open square) and adult ( Fig. 5C -F, open squares) hamster. by confocal immunofluorescence, in testes from the immature (day 5) hamster (A) and adult long-day (LD) (B), short-day (SD) (C) and SD hamster treated with FSH for 2, 4 and 10 days (D, E and F respectively).
See the text for description of localisation. Lower inserts are enlarged regions of the same micrograph. The upper insert in E is a control where the primary antibody was substituted with an equivalent concentration of a non-specific antibody from the same species. Open squares indicate claudin-3 reactivity in blood vessels (barZ50 mm).
In the LD hamster (Fig. 5B) , JAM-A reactivity localised to the basal aspect of the seminiferous epithelium surrounding GCs residing on the basement membrane (open circle). JAM-A expression in the LD animal exhibited stage-specificity, with the highest levels occurring around stage VIII (data not shown). At stages where JAM-A was expressed, it co-localised strongly with basally located espin. Surprisingly, JAM-A reactivity was observed around GCs residing on the basement membrane in the SD animal (Fig. 5C , open circles). After 2 and 4 days of FSH treatment ( Fig. 5D and E) , JAM-A reactivity localised to the basal Sertoli cell aspect (open circle) and co-localisation with espin was low. By 10 days of FSH treatment (Fig. 5F ), JAM-A expression was similar to that observed in the LD animal with an apparent stagedependency of localisation (open circles).
Analysis of JAM-A expression in GCs
The expression of JAM-A by GCs in the seminiferous epithelium has not been observed previously. To verify the expression of JAM-A by GCs, light microscopy was performed to identify cell types stained in the section (LD hamster; Fig. 6A ). JAM-A localisation was observed at the Sertoli-Sertoli cell interface and also around basally located GCs (type A/intermediate spermatogonia, as well as preleptotene and leptotene spermatocytes (Fig. 6A , triangles and magnification of this image in left insert). JAM-A (F11r) mRNA was also present in high levels in murine GC1 and GC2 germ cell lines, and lower levels in TM3 (Leydig-like) and TM4 (Sertoli-like) lines (Fig. 6B) . Finally, in silico analysis of JAM-A expression via the GermOnline website (www.germonline.org) for microarray data (Chalmel et al. 2007) identified high levels of JAM-A in purified rodent spermatogonia and Sertoli cells, but not spermatocytes or spermatids (data not shown). 
FSH regulates occludin localisation
In the immature (day 5) hamster ( Fig. 7A) , a low-level punctate occludin reactivity was apparent in Sertoli cell cytoplasm (open circle), but this was not clearly distinguishable from the reactivity observed in the isotype control (data not shown). In the LD hamster (Fig. 7B) , organised occludin reactivity localised in a scalloped pattern at the basal aspect of Sertoli cells and exhibited a stage-specific pattern of expression (data not shown). Where occludin was expressed, it co-localised strongly with espin (Fig. 7B, open circle) . The SD hamster (Fig. 7C ) exhibited intense but disorganised occludin reactivity that localised to the Sertoli cell cytoplasm (open circle). After 2 and 4 days of FSH treatment ( Fig. 7D and E respectively), occludin reactivity co-localised with espin along the basement membrane in an organised pattern similar to that seen in the LD animal, as well as in the apical regions of Sertoli cell cytoplasm (open circles). After 10 days of FSH treatment (Fig. 7F) , a greater proportion of occludin reactivity localised to the basal aspect of Sertoli cells than in apical cytoplasm (open circles). Co-localisation with espin was observed at all FSH treatment time points.
Gonadotrophin suppression increases tight junction mRNA but decreases ZO-1 mRNA expression
The TJ proteins (claudin-11, claudin-3 and occludin; Fig. 8A -C respectively) all exhibited significant (P!0.02) increases in mRNA expression (2.4-, 2.3-and threefold respectively) after gonadotrophin suppression. By contrast, mRNA levels for the adaptor protein ZO-1 (Fig. 8D ) decreased (fourfold, P!0.001) after gonadotrophin suppression. The Sertoli cell-specific Gata6 was used as a housekeeper gene (Florin et al. 2005) to control for the reduction in Sertoli cell number known to occur in SD hamsters (Meachem et al. 2005 ). An additional, more commonly employed housekeeper (b-actin) was employed with results similar to those presented here (data not shown). The quantitation of JAM-A (F11r) mRNA expression was not possible as we were unable to design primers that amplified hamster JAM-A, despite these working well for rat and mouse JAM-A analysis (not shown).
Discussion
This study has established that there is a clear stagedependency of tight junction protein localisation in the normal adult hamster testis. Via the use of claudin-11 as a protein marker of TJs, we have also shown that tight junction protein localisation correlates well with BTB function in the normal adult. The suppression of gonadotrophins resulted in the disorganisation of tight junction protein localisation and a loss of BTB function, which was reversible following FSH replacement. However, TJ mRNA expression was increased in gonadotrophin-suppressed animals. It is concluded that BTB function in the adult hamster testis is primarily regulated at the level of TJ protein organisation, but not at TJ mRNA expression. The localisation of the TJ protein claudin-11 changes over the cycle of the seminiferous epithelium, from a predominantly basal phenotype at stages X-XII and I-III (relative to GCs residing on the basement membrane), adluminal at stages VII-VIII (relative to GCs residing on the basement membrane) and an intermediate profile at other stages. This pattern of organisation was closely associated with the BTB functionality as shown by the permeation of biotin tracer. The degree of claudin-11 reactivity appeared highest during stages VII-VIII, where preleptotene/leptotene spermatocytes are known to be preparing to traverse the BTB. Finally, our evidence Figure 7 FSH regulates occludin localisation. The localisation of tight junction protein occludin (green, open circles) and the testis-specific adherens junction protein espin (red) by confocal immunofluorescence, in testes from the immature (day 5) hamster (A) and adult longday (LD) (B), short-day (SD) (C) and SD hamster treated with FSH for 2, 4 and 10 days (D, E and F respectively) . See the text for description of localisation. Lower inserts are enlarged regions of the same micrograph. The upper insert in F is a control where the primary antibody was substituted with an equivalent concentration of a nonspecific antibody from the same species (barZ50 mm).
indicates that JAM-A is found on both Sertoli and a subset of basal GCs in the testis, a finding that is supported by microarray data from Sertoli and GC isolates (Chalmel et al. 2007) , as well as the identification of JAM-A protein in spermatozoa from the caudal epididymis (Shao et al. 2008) . Together, these data suggest a novel role for JAM-A in spermatogenesis. In other tissues, JAM-A is involved in the movement of cells through epithelial and endothelial tissues, particularly leukocyte migration (for reviews see Bradfield et al. 2007) . It is believed that this action is achieved by the interactions of JAM-A with various intracellular binding partners (such as partitioning defective proteins PAR3/ PAR6 and RAP-1) to affect cytoskeletal reorganisation (for reviews see Bos 2005 , Mandell et al. 2005 . The movement of pre-meiotic GCs across BTB involves significant cytoskeletal reorganisation, and the identification of JAM-A expression in these GCs leads us to speculate that this tight junction protein may serve as a homophilic partner for Sertoli cell JAM-A, to facilitate GC migration through the BTB. JAM-A expression is then lost in most GCs resident in the adluminal compartment. A similar localisation and involvement in GC migration has recently been hypothesised for a transmembrane protein similar to JAM-A; coxsackie and adenovirus receptor (reviewed in .
Evidence indicates that androgens up-regulate claudin-3 mRNA and protein (Meng et al. 2005) , and claudin-11 mRNA (Florin et al. 2005) and protein localisation in the rodent (Kaitu'u-Lino et al. 2007 ). Thus, we hypothesised that the natural suppression of gonadotrophins in the SD Djungarian hamster would result in decreased tight junction mRNA levels, protein organisation and BTB functionality. Our hypothesis is supported in terms of protein localisation and function by the data presented here, but not for mRNA levels for claudin-3, claudin-11 and occludin, all of which increased following gonadotrophin suppression. By contrast, mRNA levels for the intracellular adaptor protein ZO-1 decreased after gonadotrophin suppression. ZO-1 is presumed to be responsible for assembly, scaffolding and regulation of transmembrane TJ proteins (Anderson et al. 1995 , Denker & Nigam 1998 , through its ability to bind both transmembrane TJ proteins and the underlying actin cytoskeleton (Fanning et al. 2002) . The dissociation of ZO-1 from transmembrane TJ has also been shown to be associated with barrier regulation in the gut (Pappenheimer 1987 , Kawkitinarong et al. 2004 , and a similar mechanism of barrier regulation may be occurring in the testis. Whereas androgens have been shown to regulate TJ proteins in mouse and rat models (Florin et al. 2005 , Meng et al. 2005 , Kaitu'u-Lino et al. 2007 , our data reported here demonstrate that FSH is also able to regulate TJ protein localisation and function in the hamster, and thus it appears that there is a differential response to gonadotrophins at testicular TJs across species.
The decrease in organisation and the increase in tight junction mRNA observed in the SD hamster were unexpected and prompt a re-evaluation of our understanding of TJ regulation. The absence of a functional BTB in the SD hamster is established from earlier studies (Bergmann 1987) and confirmed by the data presented here. The results from the present study strongly indicate that organisation of TJ protein and not TJ protein expression itself is central to barrier functionality. Thus, following other epithelial tissue systems (Hopkins et al. 2003 , Morimoto et al. 2005 , testicular tight junction proteins may be recycled into disorganised intracellular pools after gonadotrophin suppression in this model. Upon gonadotrophin stimulation, it is proposed that tight junction proteins would relocate to the cell membrane, providing a mechanism conducive to a rapid reorganisation of functional tight junctions and re-initiation of spermatogenesis. The recycling of membrane-bound versus intracellular TJ proteins has recently been implicated in TJ regulation elsewhere (Sarkar et al. 2008 , Xia et al. 2007 . Our data demonstrates that such testicular tight junction protein recycling after gonadotrophin suppression occurs for claudin-11, occludin and Sertoli cell JAM-A, but not claudin-3 or GC JAM-A.
In conclusion, gonadotrophin suppression in the Djungarian hamster disrupts testicular TJ organisation and increases TJ mRNA levels, but decreases mRNA levels for the adaptor protein ZO-1. FSH replacement induces a rapid reorganisation of TJ protein within 2 days. Reactivity and localisation of the major TJ protein at the BTB, claudin-11, changed over the cycle of the seminiferous epithelium, with tubules at stages I-III and XI-XII exhibiting a very lowlevel reactivity and expression largely isolated to the basement membrane. At stages IV-VI and IX-X, claudin-11 expression and localisation were intermediate, and adluminal at stages VII-VIII. The extent of biotin tracer permeation was strongly associated with the localisation of claudin-11 expression. Taken together, this study provides clear evidence that the organisation and localisation, rather than expression, of TJ proteins determine BTB functionality in the testis.
Materials and Methods

Animals
Djungarian hamster (Phodopus sungorus) testicular tissues were obtained from archived material collected at the University of Mü nster, Germany (for details see Meachem et al. (2005) and Tarulli et al. (2006) ). For the assessment of claudin-11 protein localisation and BTB functionality, 15 pubertal (5!d5, 5!d15 and 5!d30), 5 adult LD and 15 adult SD hamsters were bred, raised and housed for 90G30 days (for adult animals) in the colony of the Department of Cell Biology and Physiology, University of Pittsburgh, Pennsylvania. All experiments were in accordance with local guidelines and laws on the care and use of laboratory animals.
Experimental design
Gonadotrophin suppression and testicular function were suppressed by transfer of adult hamsters (150G30 days, nZfive to seven per group) from long-day (LD, 16 h light:8 h darkness) to SD photoperiod exposure (SD, 8 h light:16 h darkness) for 12 weeks. One group of hamsters remained under long photoperiods as reproductively active controls. The response to photoinhibition was assessed by palpation after which all hamsters with no palpable testes were included in the study. Hamsters received FSH treatment for 2, 4 and 10 days, where animals received 6 IU/day of either recombinant human FSH (Gonal-F Serono; Meachem et al. 2005) or highly purified human urinary FSH (Metrodin-HP, Serono), reconstituted in sterile 0.154 M NaCl. This dose significantly increased serum FSH in this model, with no change in serum or testicular testosterone (Meachem et al. 2005) . Metrodin-HP has been shown elsewhere to have negligible LH activity (!0.002%; Howles 1996 , Revelli et al. 2006 . One group of hamsters remained under SD conditions and received no treatment, serving as reproductively inactive SD controls. The testes were excised, weighed, immersion-fixed in Bouin's solution (5 h) and embedded in paraffin (Tarulli et al. 2006) , or immediately frozen for mRNA extraction (Meachem et al. 2005) .
Immunohistology
Sections (5 mm) were dewaxed in histolene (2!8 min) and 100% ethanol (5 min) before air drying and rehydration in graded ethanol (90, 75 and 50%) and finally in deionised water. Antigen retrieval was then performed by immersing sections in 600 ml of 1 mM EDTA-NaOH (pH 8.0) and heating in an 800 W microwave at 100% power for 5 min, standing at room temperature for 5 min, then low simmer (20% power) for an additional 5 min, before cooling for 1 h in EDTA buffer. The sections were then washed in deionised water. Primary antibodies were then applied as outlined in Table 1 , in 10 mM PBS with 10% normal serum from the species in which the secondary antibody was raised (normal goat serum (Chemicon International, Temecula, CA, USA)). A primary antibody to espin, a component of the ectoplasmic specialisation (a testisspecific adherens junction) known to be present at inter-Sertoli cell and Sertoli-GC junctions, was employed in conjunction with antibodies to TJ in the assessment of BTB organisation. It has been established that TJ and adherens junctions coexist at the BTB (Yan & Cheng 2005) . This provided a constant marker (espin, found at the region of the BTB at all stages) to compare with the organisation of TJ proteins found only at specific stages of the seminiferous epithelial cycle. The detection of primary antibody, verification of specificity and mounting of tissue were performed as described elsewhere (Tarulli et al. 2006) . The sections were visualised on a confocal microscope (Fluoview FV300, Olympus Australia, Mt Waverley, Australia).
RT and real-time PCR analysis
Real-time PCR was used to measure the relative mRNA levels of TJ and associated proteins in LD and SD control animals (Meachem et al. 2005) . Total RNA was isolated using an RNA extraction column (Qiagen) and then treated to remove residual genomic DNA (Ambion DNA-free treatment kit; Ambion, Austin TX, USA). RNA (1 ug) was reverse-transcribed using Superscript II in a final volume of 20 ml according to the manufacturer's protocol (Invitrogen). For each sample, the absence of contaminating genomic DNA in cDNA samples was confirmed using reactions in which the RT enzyme was omitted. Quantitative RT-PCR analysis was performed using the Roche LightCycler (Roche) and the FastStart DNA Master SYBR-green 1 system (Roche Cat# 12239264001). Oligonucleotide primers for claudin-11, claudin-3, occludin, ZO-1 (Tjp1), Gata6 and b-actin were designed using Oligo6 (Molecular Biology Insights, Cascade, CO, USA) based on the corresponding mouse sequence obtained from the PubMed nucleotide database (Table 2) . For PCR analysis, sample cDNA was diluted 1:50-to 1:400-fold, and PCR conditions, including Mg 2C concentration, primer concentration, annealing time and extension time were optimised for each primer pair as summarised in Table 2 . For all PCR analyses, standard curves were generated using dilutions of pooled LD hamster testicular cDNA preparation assigned an arbitrary unitage. All samples were analysed in triplicate for w35-40 cycles after which a melting curve analysis was performed to monitor PCR product purity. All PCR product identities were confirmed by DNA sequencing (data not shown). The results were expressed in terms of the housekeeper gene Gata6, known to be expressed in the testis exclusively by the Sertoli cells (Florin et al. 2005) . Experiments were repeated using an additional housekeeper b-actin (Actb), with no change in results (data not shown).
Real-time PCR analysis of JAM-A (F11r) mRNA in germ and somatic cell lines mRNA was extracted and cDNA prepared, as outlined above, from murine GC1 and GC2 (pre-meiotic GC lines; Hofmann et al. 1992 , Wolkowicz et al. 1996 , TM3 (Leydig-like) and TM4 (Sertoli-like; Mather 1980) cell lines grown to confluence, as described elsewhere (Farnworth et al. 2007) . PCR conditions were as outlined in Table 2 .
Light microscopic analysis of JAM-A expression in GCs
After primary antibody incubation (see above), the sections were incubated with biotinylated secondary goat anti-rabbit polyclonal antibody for 30 min. After washing in PBS (2!5 min), the sections were incubated with Vector ABC reagent (Vector Labs, Burlingame, CA, USA; Cat. No. PK-6100) for 15 min. The sections were resolved employing 3,3 0 -diaminobenzidine chromogen (Dako, Carpinteria, CA, USA; Cat. No. K3466) and mounted under an aqueous solution (see above).
Assessment of stage-dependency of tight junction localisation and BTB functionality over the cycle of the seminiferous epithelium All testes were injected with NHS-linked biotin (Pierce Scientific, Rockford, IL, USA; Cat. No. 21336) immediately after excision (Meng et al. 2005) . Biotin was allowed to perfuse for 30 min before testes were fixed and embedded as outlined above. The sections were cut and stained for claudin-11 (see above), with detection by anti-rabbit-Alexa 647 (for claudin-11), PNA-lectin-Alexa 546 (to allow for tubule staging) and streptavidin-Alexa-488 (to allow the visualisation of qualitative biotin tracer; Invitrogen).
Quantitation of stage-dependent tight junction expression
Confocal immunohistology was performed in LD hamsters, as described above employing the claudin-11 antibody, to quantify stage-dependent TJ expression patterns. Localisation of claudin-11 was classified as basal, intermediate or apical relative to GCs residing on the basement membrane (these include spermatogonia through to preleptotene spermatocytes). Fields were selected using a systematic uniform approach from a random start and images collected. An unbiased counting frame (Tarulli et al. 2006) was superimposed on each image, evaluated and counted whether a section of the entire tubular epithelium fell within the frame or touched the acceptance boundary. The examples of each grouping are illustrated in Fig. 1A . Tubules were staged in the following groups: stages I-III, stages IV-VI, stages VII-VIII, stages IX-X and stages XI-XII. A minimum of 20 tubules were counted per stage grouping, per animal, for five animals. The extent of claudin-11 reactivity across the tubule was defined qualitatively with the following scale (K, C, CC, CCC), where (K) and (CCC) reflect no reactivity and maximal reactivity respectively, and (C), (CC) are intermediary levels.
Statistical analysis
For mRNA analysis, the samples were run in triplicate and data were assessed for homogeneity of variance after which a twosample t-test was used to compare mRNA levels in LD and SD control samples, with differences P!0.05 considered significant. Each experiment was performed twice, and representative data are shown.
